Introduction: Thromboembolism is one of the most serious complications associated with coil embolization therapy. Aim: To identify predisposing factors for thromboembolic complications, as well as to determine whether thromboembolism has an impact on clinical outcome. Material and methods: From February 2008 to March 2015, 273 consecutive patients were treated at our institution via endovascular coil embolization. Patient medical records were reviewed with an emphasis on procedure description, potential risk factors and clinical outcomes related to thromboembolism. Thromboembolic incidents occurred in 19 (6.9%) cases. Multivariate logistic regression models were used to determine independent predictors of thromboembolism. Clinical outcome was analyzed using the Glasgow Outcome Scale (GOS). Results: Multivariate analysis showed that subarachnoid hemorrhage was an independent risk factor for thromboembolic complications (p = 0.003; OR = 4.4; 95% CI: 1.67-12.02). The difference in frequency of perioperative mortality (GOS 1) in patients with thromboembolism and without thromboembolism was not statistically significant (p = 0.22). The differences in frequencies of severe disability (GOS 2-3) and moderate to low disability between patients with thromboembolism and without thromboembolism were statistically significant in the general study population (p < 0.05). Conclusions: Subarachnoid hemorrhage is an independent predictor of thromboembolic complications associated with endovascular coiling of cerebral aneurysms. Thromboembolism is associated with significantly increased risk of morbidity, and it affects to a certain extent the periprocedural mortality.
Introduction
Thromboembolic events (TEEs) represent one of the most serious complications of embolization therapy of cerebral aneurysms [1] [2] [3] . The incidence of TEEs reported by previous studies ranges from 2% to 77%, and the possibility of permanent neurologic disability and death associated with TEEs is up to 8.4% [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . To decrease the overall rate of coiling-related TEEs and reduce their unfavorable clini-cal consequences, it is desirable to identify the risk factors that predispose to TEEs and that should be considered when choosing embolization as a form of treatment of intracranial aneurysms [2] . So far, a number of risk factors for TEEs have been described in the literature. However, a large proportion of the studies are limited to a selected patient population and the results are frequently contradictory.
Among risk factors for TEEs one may distinguish: procedure-related factors (procedure time, proce-dure methods, number of coils inserted, extent of procedure manipulations, operator experience, etc.) and non-modifiable factors (patient age, aneurysm size and location, presence of subarachnoid hemorrhage (SAH), smoking, etc.) [15] . Identification of the former factors may be of importance for improving the operation technique, which is considered to have a high possibility of affecting the occurrence of TEEs [15] . By determining the latter factors one may recognize a group of high-risk patients and apply an appropriate preventive therapy.
It should also be noted that in the literature there are no existing unequivocally established methods for prevention of TEEs. At present, periprocedural antiplatelet agents are commonly administered; however, the optimal patient selection, preferred antiplatelet agent, and dosing protocol, including the dose, timing, and duration of antiplatelet application, are still under debate [12] . Moreover, variation in individual response to antiplatelet agents has sparked a great deal of research and controversy in the neuroendovascular area [16] .
In view of this, TEEs seems to be a complex process with multifactorial etiology. Despite this, it may be hypothesized that the identification of independent and unquestionable risk factors for TEEs in combination with appropriate prophylaxis will allow the incidence of TEEs to be significantly decreased in the future.
Aim
The aim of the study was to report the characteristics of patients experiencing TEEs during attempted coil embolization of cerebral aneurysms as well as to identify independent risk factors predisposing to TEEs and to determine whether TEEs may affect the clinical outcome in patients undergoing coil embolization of intracranial aneurysms.
Material and methods

Database and risk factors
From February 2008 to March 2015, 331 endovascular coiling procedures were performed on 273 consecutive patients at our institution. Patient medical records were reviewed and patients with TEEs were identified. Repeated endovascular procedures in recurrent aneurysms were excluded from the study.
The analyzed risk factors for TEEs included sex, age, presence of hypertension, atherosclerosis, smoking, subarachnoid hemorrhage, vasospasm, clinical status on admission, stent-assisted coiling, aneurysm size, neck size, aspect ratio, dome-to-neck ratio, aneurysm location, duration of embolization procedure, and experience of operator.
Endovascular technique
The technique of embolization procedures was described in our previous report [17] . Anti-platelet premedication consisted of a 75 mg loading dose of acetylsalicylic acid and an additional 75 mg of clopidogrel whenever stenting (Neuroform, Boston Scientific) was anticipated. This therapy was administered 2-4 h before the endovascular procedure on patients after SAH and every single day for 5 days before the treatment in the case of patients with unruptured aneurysms. During the procedures, heparinized saline was continuously infused into the arterial line. Heparin was usually administered as a 3000−4000 IU bolus intravenously followed by 1000 IU/h. If TEEs occurred, a 20 mg dose of abciximab was administered intra-arterially in all but one case of the accompanying intraprocedural aneurysm rupture. In that case, a Penumbra revascularization device was used. In patients with TEEs control angiograms were carried out to check the patency of the occluded vessel and to demonstrate the grade of aneurysm occlusion. Brain computed tomography (CT) scans were always analyzed at the end of the procedures.
Thromboembolism definition and classification
Thromboembolism was defined as a luminal filling defect or no visualization of a distal artery on digital subtraction angiography [8, 11, 18, 19] . Thromboembolic complications were classified into two groups: occlusion of the proximal arterial trunk (i.e. internal carotid artery, anterior communicating artery, middle cerebral artery, or basilar artery); and occlusion of the distal branches.
Recanalization classification
The response to thrombolytic therapy was determined using the Thrombolysis In Cerebral Infarction (TICI) grading system that is based on angiographic features of the treated occluded vessels as follows: 3 no changes in the distal flow (TICI 0), partial recanalization (TICI 1 and 2), or complete recanalization (TICI 3) [20] .
Aneurysm morphology
The aneurysm morphology was assessed at a Philips Integris 3D-RA Release 4.2 workstation using three-dimensional digital subtraction angiography images that were retrieved from the archives. Aneurysm size was defined as the maximum distance between the neck and the dome of an aneurysm. Neck size was defined as the maximal longitudinal neck width. Aspect ratio was defined as the maximal distance from the neck to the aneurysm dome to the maximal longitudinal neck width. Dome-to-neck ratio was defined as the aneurysm dome's maximal longitudinal diameter parallel with the neck plane to the maximal longitudinal neck width.
Clinical results
Clinical outcome was analyzed using the Glasgow Outcome Scale at discharge from hospital and during the last angiographic follow-up period. Patients without angiographic follow-up were interviewed by telephone if possible.
Statistical analysis
The statistical analysis was performed using SAS 9.4 software. The continuous data were presented as means ± SDs, and categorical variables were expressed as frequency (percentage). To identify potential variables associated with TEEs, univariate regression analyses were performed. TEEs were used as the dependent variable in this model. The multivariate logistic regression model included covariates found to have a marginal association with TEEs in the univariate analysis (defined as p < 0.1) and was performed using the backward regression method. ORs and 95% CIs were calculated. A p-value < 0.05 was considered statistically significant.
For the purpose of the statistical analysis, the patients' clinical outcome was classified into the subgroups of low to moderate disability (patients with GOS 4 and 5), severe disability (patients with GOS 2 and 3) and death (patients with GOS 1). The cumulative frequency for TEEs was calculated for all aneurysms of these subgroups. Fisher's exact test was performed to test for an independence between the above-mentioned variables.
Results
Patients and aneurysms
A total of 273 patients (208 women) with a mean age of 54.01 years (range: 21-81 years) were analyzed. There were 77 (28.2%) patients after SAH and 196 (71.8%) patients with unruptured aneurysms. The aneurysms were located in: the anterior communicating artery (n = 71), middle cerebral artery (MCA) (n = 52), the ophthalmic artery (n = 51), the posterior communicating artery (n = 38), the basilar artery (n = 28), the internal carotid artery (n = 20), the carotid terminus (n = 10), and the vertebral artery (n = 3). One hundred thirty-six patients were treated with stand-alone coiling and 137 patients with stent-assisted coiling. Mean aneurysm size was 6.7 ±3.8 mm (range: 1.6-29.4 mm), mean neck size was 4.8 ±2.2 mm (range: 1.4-15.9 mm), mean aspect ratio was 1.4 ±0.7 (range: 0.3-5.5 mm), and mean dome-toneck ratio was 1.4 ±0.5 (range: 0.6-3.5). Detailed patient characteristics and aneurysm morphologies in TEE and non-TEE groups are presented in Table I .
Incidence of TEEs
The cumulative frequency of TEEs was 19 out of 273 endovascular procedures, which represented the TEE rate of 6.9%. A summary of all TEE cases is depicted in Table II .
Risk factors of TEEs
Univariate analysis showed that patients after SAH were associated with TEE occurrence (p = 0.005). The cumulative frequency of TEEs was 12 out of 78 (15.3%) in patients who previously experienced SAH. TEEs tended to occur more frequently in patients with a larger dome-to-neck ratio (p = 0.067). Multivariate analysis showed that SAH was an independent risk factor for TEEs (p = 0.003; OR = 4.4; 95% CI: 1.67-12.02).
Clinical outcome
The cumulative frequency of perioperative mortality (GOS 1) was 2 out of 19 (10.5%) in patients with TEEs and 11 out of 254 (4.3%) in patients without TEEs. The difference was not statistically significant (p = 0.22).
The cumulative frequency of severe disability (GOS 2-3) was 5 out of 19 (26.3%) in patients with TEEs and 12 out of 254 (4.7%) in patients without 4 TEEs. The difference was statistically significant (p = 0.0034).
The cumulative frequency of moderate to low disability (GOS 4-5) was 12 out of 19 (63.2%) in patients with TEEs and 231 out of 254 (91%) in patients without TEEs. The difference was statistically significant (p = 0.0019).
Discussion
Risk factors
In the current study the multivariate logistic analysis revealed the presence of SAH as an independent predictor for TEEs during endovascular coiling of intracranial aneurysms. Previous observational studies have suggested that SAH patients are at a higher risk of TEEs than patients with unruptured aneurysms [12, 21] . There are also reports where the difference between incidences of patients with ruptured and unruptured aneurysms was not statistically significant in terms of TEEs [15, 19] . The outcome in logistic regression analysis performed by Choi et al. demonstrated SAH at presentation as the sole independent risk factor for TEEs [22] . The authors analyzed 9 cases of procedure-related TEEs in a group of 285 anterior communicating artery aneurysms [22] . Our results are in line with the latter study; however, our study included all locations of cerebral aneurysms. The higher incidence of TEEs in ruptured aneurysms in comparison to unruptured ones may be related to a limited use of preoperative antiplatelet therapy as well as vasospasm and hypercoagulability in the former group of patients [4, 6] . The blood in the subarachnoid space catalyzes the release of the tissue factor into the systemic blood circulation, leading to thrombin activation and subsequently fibrin and platelet aggregation [4, 23] . The thromboembolism during the endovascular coiling may result from spontaneous activation of the coagulation system in SAH patients, as well as from endovascular material (e.g. catheters, stents) [4] . The presence of foreign materials placed during embolization, i.e. catheters, stents, and coils, in the aneurysm lumen and in the parent artery may be sufficient to induce a thromboembolism [4, 9, [24] [25] [26] . Additionally, during the procedure, an intimal injury of the arterial vessel from microcatheter displacement or stent insertion may lead to the release of procoagulant tissue factors, resulting in the formation of a platelet-rich thrombus [1, 6, 9, [25] [26] [27] [28] . Apart from that, the irregular coil surface or coil protrusion into the vessel may result in vessel narrowing, leading to changes in blood flow. Then, thromboembolism is likely to happen at the interface of the coil and luminal blood [1, 3, 4, 8, 12, 28, 29] .
As far as stents are concerned, in the literature, there is a disagreement whether the stent-assisted coiling is associated with a higher rate of TEEs [10, 30, 31] . Similarly, a controversy surrounds the history of hypertension, vasospasm, smoking, large aneurysm size, wide aneurysm neck, location of aneurysm on anterior communicating artery, middle cerebral artery, or basilar artery [1, 2, 8, 12, 14-16, 32, 33] . These risk factors for TEEs act through various mechanisms. Hypertension and smoking pro-mote cerebrovascular dysfunction [14] . In large aneurysms an increased volume of clot is induced by coiling, which may predispose to TEEs. In the case of wide-neck aneurysms the surface of coils at the level of the neck is greater than in small-neck aneurysms, which may lead to higher risk of TEEs [14] . Despite these above-mentioned potential causes of TEEs, our study demonstrated no relationship between these factors and the risk of TEEs.
According to Lee et al. the longer operation time and associated multiple procedural manipulations is the most effective factor an interventionist can modify to decrease the TEE rate during coil embolization of intracranial aneurysms [15] . Although these authors together with some previous researchers showed that longer interventional duration was significantly associated with TEEs, the outcomes of the present study have not confirmed it [8, 15, 16] . In addition to procedure time, we also demonstrated that operator experience is not a predictor for TEEs.
In the case of risk factors for TEEs one reason for the discrepancy between studies might be various perioperative antiplatelet protocols [34, 35] . In the literature, there is no consensus on the optimal protocol to prevent thromboembolism during endovascular embolization of cerebral aneurysms [4, 32] . There is currently no general agreement about optimal patient selection, preferred antiplatelet agent, and dosing protocol [12] . The most commonly applied means are systemic heparinization, heparinized saline, and antiplatelet therapy, but in the case of ruptured aneurysms, the use of a preventive protocol is limited in view of the potential increased risk of hemorrhagic complications [4, 23, 24, 36, 37] . Similar to many but not all practitioners, we applied in the present study dual antiplatelet therapy consisting of acetylsalicylic acid and a P2Y12 inhibitor (clopidogrel); however, the anticoagulation protocol differed in unruptured and ruptured aneurysms. In the case of patients with unruptured aneurysms we initiated the antiplatelets 5 days prior to the procedures. Patients following SAH could not be appropriately prepared and they received a single dose of antiplatelets directly before the operation. Due to the higher rate of TEEs in ruptured aneurysms, we suggest that our protocol in this group was inadequate, which is in line with previous studies implying dubious benefits of periprocedural antiplatelet therapy in SAH patients [12] . Due to the inadequate response to clopidogrel in a relatively high propor-7 tion of the population, two additional thienopyridine derivatives (prasugrel and ticagrelor) may be an option [26] . These agents, unlike clopidogrel, do not require activation via the cytochrome P450 system and, therefore, have a decreased risk of suboptimal platelet inhibition [26] .
Frequency and definitions
The reported incidence of TEEs ranges very widely between 2% and 77% [4] [5] [6] [7] [8] [9] [10] [11] [12] . The 6.9% frequency of TEEs in the current study is at the lower end of this range. This may be due to the fact that the incidence of TEEs may be underestimated, as it is not always recognized, especially in the case of silent infarcts that are often detected on post-procedure diffusion-weighted magnetic resonance imaging (DWI) [9, 12, 31, 32] . In view of incoherent definitions of TEEs in the literature, the incidence of TEEs may not always be comparable between studies [32] .
The common definition of thromboembolism is "angiographic slow filling of a previously normally filling vessel or vessel dropout" [2, 3, 8, 11, 18, 19] . This may or may not be accompanied by deterioration of patients' condition [12, 23, 30] . According to some authors, TEEs without clinical evidence of cerebral ischemia are not recorded as complications and clinically "silent" infarcts are often identified on DWI [38] . These small high-intensity signals are found in more than 60% of patients undergoing embolization therapy and their presence indicates that microemboli may occur during endovascular embolization [9, 10, 32, 36] . Thrombotic microemboli can originate from preexisting thrombus or intravascular thrombotic plaques that are displaced during the procedure; and gaseous microemboli can arise during catheter flushing guidewire exchange or contrast medium injection [9] . The clinical significance of microemboli detected as small DWI-positive lesions is yet to be determined, especially in long-term follow-up [9] .
Clinical outcome
In the literature, once a thromboembolic event occurred, morbidity was up to 45% and mortality was up to 23% [3, 13, 14] . In our study severe neurologic deficit was encountered in 5 of 19 (26.3%) patients following TEEs and 2 of 19 (10.5%) patients who died as a consequence of TEEs. According to previous observational reports, TEEs is the major cause of morbidity and mortality in patients undergoing endovascular embolization of intracranial aneurysms [13, 19] . Fan et al. found in univariate analysis that patients with anterior communicating aneurysms who experienced TEEs during coiling have a significantly worse clinical course and an increased risk of mortality [2] . In our study, we observed that in the general population, TEEs have an influence on postoperative morbidity (Photo 1). There was a tendency for TEEs to affect the periprocedural mortality, but it did not achieve statistical significance. Different methodology and patient selection may be responsible for these inconsiderably heterogeneous results [2] . Moreover, disparate time of TEE recognition and effectiveness of TEE management may be factors influencing the various reduction of the morbidity and mortality rate [39] . Koebbe et al. stated that good condition at presentation and successful recanalization may be factors for increased survival following TEEs [40] . In the case of acute ischemic stroke, recanalization has been proven to be strongly associated with improved functional outcomes and reduced mortality [41] . It is also suggested that not only treatment effectiveness, but also time of TEE recognition is crucial in reducing the negative clinical sequelae of TEEs [39] . Based on our research, we may suggest that the aggressive treatment of TEEs is likely to decrease the rate of mortality. However, some individual cases of complete recanalization with subsequent inauspicious clinical results presented in the current study are supposed to be associated with delayed institution of appropriate rescue therapy. This indicates the important role of attention that should be directed to early detection of TEEs during coiling.
Limitations
One of the major limitations of the study is a different antiplatelet protocol in patients with unruptured and ruptured aneurysms. The probable inadequate application of antiplatelets in the latter subgroup of patients may have a substantial impact on the results.
In addition, the interindividual variability in the response to aspirin and clopidogrel was not included in the study. The presence of antiplatelet resistance may be associated with the higher risk of TEEs.
The incidence of TEEs was established based on digital subtraction angiography (DSA) instead of 8 DWI, which is more sensitive. Therefore, the rate of TEEs presented in the study may be undervalued.
The time of TEE recognition and the time of recanalization that may be associated with neurological recovery was not considered in the current study and these factors may have an impact on the different clinical outcomes.
Additionally, the study had a retrospective design and all the data were from a single neurovascular institution. There could be a patient selection bias, as factors that affect decision making for endovascular therapy were based on the center's experience and at times on patients' preferences.
Conclusions
The risk of TEEs detected by angiography during endovascular coil embolization is 6.9%. Subarachnoid hemorrhage is an independent predictor for TEEs. The occurrence of this complication is associ-Photo 1. A 46-year-old woman was admitted to the hospital in good clinical condition. A -Lateral carotid angiogram showed the unruptured internal carotid artery aneurysm. B -A stent was placed in the internal carotid artery and after coiling, proximal occlusion of the ipsilateral middle cerebral artery occurred (white arrow). C -After administration of abciximab the vessel reopened (white arrow). Grade 3 in the Thrombolysis in Cerebral Infarction (TICI) scale was determined. D -A postoperative CT scan demonstrated internal capsule infarction (black arrow). The patient remained moderately disabled (GOS 4) within 70 months of clinical follow-up. According to the results of our study a thromboembolic incident during embolization is significantly associated with periprocedural morbidity (p < 0.005) ated with significantly increased risk of morbidity, and it affects to a certain extent the periprocedural mortality.
